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ABSTRACT

Performance of two jet pumps was determined over a range of spacings of the nozzle
exit from the throat entrance of 0 to 2.9 throat diameters. Maximum measured efficien-
cies of 31.3 and 37.6 percent were achieved for nozzle- to throat-area ratios of 0. 066
and 0.197, respectively. These efficiencies were improvements over those obtained for
previously investigated jet pumps with throat lengths of 7.25 diameters. A simple one-
dimensional analysis predicted noncavitating performance within 2 percent at the best-
efficiency conditions. The point of total headrise deterioration due to cavitation was
predicted with reasonable accuracy by each of two related parameters.
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NONCAVITATING AND CAVITATING PERFORMANCE OF TWO LOW-AREA-RATIO
WATER JET PUMPS WITH THROAT LENGTHS OF 5. 66 DIAMETERS
by Nelson L. Sanger

Lewis Research Center

SUMMARY

The noncavitating and cavitating performance of two jet pumps with nozzle- to
throat-area ratios of 0.066 and 0. 197 was evaluated in a water facility. Both pumps
evaluated had throat lengths of 5. 66 diameters and diffuser included angles of 6°. The
investigation was conducted to experimentally determine overall noncavitating and cavi-
tating performance; to study the mixing characteristics over a wide range of geometrical
and flow conditions; to compare the experimental results to those obtained for a previ-
ously investigated configuration with a throat length of 7.25 diameters and a diffuser in-
cluded angle of 8%6' ; and to compare the overall experimental performance to noncavi-
tating theoretically predicted performance.

Experimental performance was obtained by operating two nozzles separately in a
single test section. Spacing of the nozzle exit from the throat entrance was varied from
0 to 2.9 throat diameters. Deaerated, room-temperature, tap water was used as the
test fluid.

Maximum measured efficiencies of 31.3 and 37.6 percent were achieved at area
ratios of 0.066 and 0.197, respectively. These efficiencies constitute an improvement
over those recorded for the pumps with throat lengths of 7.25 diameters and a diffuser
included angle of 8%6'. Outlet static pressures were also improved by the reduction in
throat length.

Noncavitating performance predicted at the fully inserted nozzle position by a one-
dimensional analysis was within 5 percent for the 0.066-area-ratio pump, and within
10 percent for the 0.197-area-ratio pump, both at the best-efficiency flow conditions.
At best-efficiency nozzle positions the same analysis predicted performance to within
2 percent for both area-ratio pumps.

The point of total headrise deterioration due to cavitation was predicted within
reasonable accuracy by each of two related parameters. The jet pump configuration
evaluated in this investigation represents a good compromise between optimum noncavi-
tation and cavitation operation.



INTRODUCTION

The requirements of cavitation resistance, long-term dependability, and simplicity
have resulted in the selection of the jet pump for several possible applications in liquid-
metal Rankine-cycle electric power generation systems (refs. 1 and 2). One of the prin-
cipal jet pump applications in Rankine-cycle systems is as an auxiliary boost pump for
the radiator condensate pump. For such applications jet pumps with low ratios of nozzle
exit to throat area (area ratio, R) are required. This requirement results from the com-
bination of high boiler temperatures and pressures, low radiator temperatures and pres-
sures, and a requirement for low jet pump power absorption.

There has been relatively little detailed investigation of low-area-ratio (<0.25) jet
pumps. Furthermore, design of jet pumps for optimum noncavitating and cavitating per-
formance is complicated by the large number of geometrical variables. The principal
variables are throat length, spacing of the nozzle exit from the throat entrance, primary-
and secondary-inlet contours, and diffuser geometry. The interrelation of some geomet-
rical elements further compounds the problem of optimizing jet pump configurations for
both noncavitating and cavitating operation.

In references 3 and 4 a jet pump with a throat length of 7.25 diameters was experi-
mentally evaluated for two low area ratios, R = 0.066 and 0.197. Nozzle spacing was
the only independent geometrical variable investigated. The relatively long throat per-
mitted energy losses due to friction to grow at a faster rate than energy addition due to
mixing near the throat exit. It was therefore concluded that a reduction in throat length
would probably result in higher overall efficiencies.

In this investigation the performance of a jet pump with a shorter throat length, 5. 66
diameters, was evaluated. Detailed investigations of the mixing characteristics and of
overall cavitation and noncavitation performance were conducted for a wide range of
operating conditions.

The noncavitation analysis developed in reference 3 and the cavitation prediction
parameter developed in reference 4 were applied to the configurations and flow conditions
investigated as a further test of their applicability in pumps with shorter throat lengths.
Experimental results were compared directly with corresponding results from references
3 and 4.

Experimental performance at two area ratios (0. 066 and 0. 197) was obtained by
operating two nozzles separately in a single test section. The test section was con-
structed with a circular bellmouth entry, a constant-diameter throat with a length of
5.66 diameters, and a diffuser with an included angle of 6°. The spacing of the nozzle
exit from the throat entrance was varied between 0 and 2.9 throat diameters in both the
noncavitating and cavitating investigations. Deaerated room-temperature (80° F
(26.7° C)) tap water was used as the test fluid. Primary flow rates varied from 28 to



83 gallons per minute (1. 77x1073 to 5.24x107° m3/sec), and secondary flow rates varied
from 32 to 192 gallons per minute (2.02x1073 to 12.12x10™% m3/sec).

PERFORMANCE ANALYSES
Principle of Operation
A schematic representation of a jet pump is shown in figure 1, and the symbols and
nomenclature are presented in appendix A. The principle of operation of a jet pump is

the transfer of energy and momentum from the high-velocity primary fluid to the pumped,
or secondary fluid through a process of turbulent mixing.
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Figure 1. - Schematic representation of jet pump.

The primary fluid is pressurized by an independent source and is accelerated to high
velocity in the nozzle. The secondary fluid is entrained by and mixed with the primary
fluid in the throat or mixing section. The mixed fluids then pass through the diffuser in
which a portion of the kinetic energy (velocity head) is converted to potential energy
(static pressure).

The primary fluid leaves the nozzle as a core of high-velocity fluid. It is separated
from the secondary stream by a thin region of high shear (see fig. 2). Turbulent mixing
between the two fluids occurs in the mixing or shear region, which grows in thickness
with increasing axial distance. The lowest local pressures occur in the shear region
(ref. 5), and, therefore, cavitation inception also takes place in this region.
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Figure 2. - Schematic representation of mixing velocity profile in throat of jet pump.

Analyses

The noncavitation and cavitation analyses presented in references 3 and 4 are one-
dimensional and, therefore, somewhat limited in scope. Confined-jet mixing analyses
(refs. 6 and 7) have not yet reached the stage whereby an easily applied jet pump design
procedure can be derived. Thus, the one-dimensional analyses are generally used, but
they must be supplemented by empirical information to determine optimum throat
lengths, nozzle positions, diffuser geometry, and area ratios for specific applications.

Assumptions. - The following assumptions are common to both the noncavitation and
cavitation analyses:

(1) Both the primary and secondary fluids are incompressible.

(2) The temperatures of the primary and secondary fluids are equal.

(3) Nozzle spacing from the throat entrance is zero.

(4) Nozzle wall thickness is zero.

(5) An additional assumption used in the noncavitation analysis is that mixing is com-
plete at the throat exit.

Basic parameters. - There are four fundamental jet pump parameters, all expressed
in dimensionless form. There parameters are

(1) Nozzle- to throat-area ratio, R = An/At

(2) Secondary to primary flow ratio, M = QZ/QI

(3) Head ratio, N = (Hy - Hy)/(H; - Hg)

(4) Efficiency, n = MN, the equivalent of net output power divided by net input power




A parameter that is useful in the study and comparison of axial static pressure vari-
ation in constant-diameter jet pumps is the pressure coefficient Cp defined by

The numerator represents the pressure rise above secondary-inlet pressure at any axial
location in the jet pump. The denominator is the velocity head of the primary fluid at
nozzle exit. The use of this parameter permits direct comparison of data taken at differ-
ent primary flow rates (i.e., different Vﬁ/zg) and different secondary-inlet pressures.

Noncavitation analysis. - The noncavitation analysis is presented in detail in appen-
dix B of reference 3 (Conventional Analysis). It consists of a one-dimensional applica-
tion of the continuity, momentum, and energy relations across the individual components
of the pump. Friction losses are taken into account through the use of friction loss coef-
ficients K which are based on total pressure losses in individual components of the
pump, such as the primary nozzle, throat, and diffuser.

The formula for head ratio N resulting from the analysis is

2442 2y 2
2R+21RM 'R2(1+M)2(1+Kt+Kd)"ﬂE(I“LKs)
N= o _ (1-R) (1)
2,2
2R"M 2 2
1+Kp—2R— —R+R(1+M) (1+Kt+Kd)

(All symbols are defined in appendix A, and determination of the various loss-coefficient
values is discussed in appendix B.)

The formula for efficiency 7 is obtained by multiplying this expression for N by
the flow ratio M.

Cavitation analysis. - The cavitation analysis (appendix B, ref. 4) applies to the
conditions at the cavitation-induced total-headrise breakdown point, rather than to in-
ception conditions. Although it is desirable to know the point of cavitation inception and
the degree of cavitation that can be tolerated before performance loss is reached, the
conditions at total-headrise breakdown most concern the designer.

The analysis presented in reference 4 consists of an application of the continuity and
energy relations to the secondary fluid. Combined with this is the assumption that, when
total head breaks down, the static pressure in the plane of the primary nozzle exit (and
throat entrance) is equivalent to the vapor pressure of the fluid. The resulting nondimen-



sional expression for the cavitation prediction parameter is

2

P, -p v 2
w="2 V- 3) a+k)= M) 1+K) (2)
v2 \V 1-R
‘_n. n
2g

at total-headrise dropoff. An alternate but closely related expression is

Py-p
oz=-—2—--—.‘f=1+KS (3)
2

Vs
2g

at total-headrise dropoff. In reference 4 it was shown that the friction loss coefficient
K_ could be neglected for nozzle spacings greater than 1 throat diameter, but that for

S
nozzle spacings less than 1 throat diameter KS had to be retained.

APPARATUS AND PROCEDURE
Test Pump

The test pump (fig. 3) consisted of the following elements: the primary nozzle, the
secondary plenum, nozzle spacing shims, and the test section.

The stainless-steel plenum preceding the test section was 15l inches (39.35 cm) in
diameter and had a capacity of about 4—21- gallons (1. 70x10 -2 m ) Secondary fluid was
supplied to it through two diametrically opposed 3-inch (7. 61-cm) outside-diameter
pipes.

The test section was fabricated from transparent acrylic plastic; a 5-inch (12. 7-cm)
circular-radius bellmouth, identical to that used in reference 3, was used as inlet to the
throat.

In reference 3 a throat with a length of 7.25 diameters was used primarily as a
means of studying the mixing characteristics in the throat. It was concluded that im-
provement in overall performance would probably ensue if a shorter throat, perhaps
5 to 6 diameters in length, were used. In accord with this the present test section was
designed to have a throat with exactly the same diameter, 1. 35 inches (3. 43 cm), as the
test section of reference 3 but with a length of 5. 66 diameters.
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Figure 3. - Schematic diagram of test pump and location of static pressure taps and total pressure probes. (Diffuser area ratio, (d5/dt)2, 6.25.
(All dimensions are in inches (cm).)

A shorter throat may result in the continuation of some mixing in the upstream por-
tion of the diffuser. The diffuser included angle was therefore reduced from the 8%6"
value of references 3 and 4 to a value of 6°, while the overall length of the jet pump was
the same (29.7 in. (75.4 cm)). The diffuser outlet- to inlet-area ratio was thus fixed
at 6. 25.

Total pressure probes were mounted at axial locations of 2.6, 4.8, and 10. 4 throat
diameters measured from the throat entrance (see fig. 3).

Static pressure taps of 0.020 inch (0.051 cm) in diameter were installed at 18 axial
locations (see fig. 3): two in the secondary-inlet region, eight in the throat, and eight in
the diffuser. The two taps in the secondary-inlet region were drilled vertically and,
thus, were inclined to the flow at angles of 15° and 50, respectively. The errors intro-
duced by such inclinations of static pressure orifices are considered negligible (ref. 8).
Therefore, no corrections were applied to the static pressure data reported herein.
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Figure 4. - Jet pump primary nozzles. (All dimensions are in inches (cm).)

Two stainless-steel primary nozzles, the same nozzles used in references 3 and 4,
were operated separately in the test section. Their significant dimensions are shown in
figure 4. The spacing of the nozzle exit from the throat entrance was controlled by the
use of shims inserted between the nozzle flange and a reference surface on the plenum.

Apparatus

Test facility. - The test facility used in these tests is completely described in refer-
ence 3. A schematic diagram of the facility is shown in figure 5. The test facility was
a closed-loop, continuous-circulation water tunnel with a total liquid capacity of about
350 gallons (1. 325 m3). The working fluid was deaerated tap water continuously filtered
to remove particles larger than 25 micrometers.

Instrumentation. - The instrumentation used in this investigation is identical to that
used in reference 3. Primary-fluid-inlet pressure was measured on a Bourdon tube
gage. All other pressures used for data reduction were measured on mercury manom-
eters. Primary and secondary flow rates were measured by turbine flowmeters. Total
flow rate was measured by a venturi flowmeter. The venturi-measured flow rate agreed
within +2 percent of the sum of the primary and secondary flow rates.

Temperatures were measured in the primary, secondary, and mixed streams by
means of copper-constantan thermocouples. Air content was measured with a Van Slyke

gas apparatus.
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Figure 5. - Schematic drawing of water jet pump test facility,

The estimated error (instrument and readability combined)of the principal measured
variables is as follows:

Headrise and static pressure, percent . . . . . . . . . . . . . .. 0o <#0.7
Inlet pressure (primary stream), percent . . . . . . . . . . .t 0 e 0. <+0.6
Flow rate, percent:
Primary stream . . . . . . . . L L e e e e e e e e e e e e e e e <£1.0
Secondary StTeam . . . . . . . vt e e e e e e e e e e e e e e e e e e e e e e <x2.0
Temperatures, °F (°C) . . . . . . . . . e <£2 (1.1)

Total pressure surveys, percent:
Total PreSSUTe . . . & v v v v v v v v o o o b e e e e e e e e e e e e e e e e e <£2.0
Radial position

Experimental Procedure

Testing method. - Performance was obtained over a wide range of operating condi-
tions for both area ratios. The ranges of operation for both the noncavitating and cavi-
tating tests are presented in table 1.

Noncavitating test runs were conducted at constant values of secondary-inlet pres-
sure and primary flow rate. Secondary flow rate, and, therefore, flow ratio, was varied.




TABLE I. - EXPERIMENTAL OPERATING VALUES

Area | Nozzle |Primary flow rate, Ql Flow ratio, Secondary inlet pressure, P2
ra;:m, s;;j:tmg, gal/min m3/sec M psia N/m2 abs
Noncavitating operation
0.066 |0t0o2.90] 28 |1.77x10™% [1.15t05.64 15 1.03x10°
.066 |0 to 2.90 35 [2.21 1.15 to 5.64
.197 [0 to 2. 66 63 |[3.98 .50 to 2.65
.197 |0 to 2. 66 83 |[5.24 .50 to 2. 65
1 S RN SO N R SR
Cavitating operation
0.066 | 0 28 [1.77x10°3  [2.0 to 4.9 |3.9t018.4 | 0.27x10° to 1.27x10°
.17 28 |1.77
2.58 28 |1.77
0 33 |[2.08
.7 33 |[2.08
2.58 33 |2.08
0 35 |2.21
. 35 [2.21
2.58 35 [2.21 Y Y
0.197 | © 63 |3.98x10™% | 0.9 t02.35 | 3.9 t0 20.6 | 0.27x10° to 14. 2x10°
1.36 63 |3.98
2.66 63 |3.98
0 75 |4.74
1.36 75 |4.74
2.66 75 |4.74
0 83 |5.24
1.36 83 |5.24
2.66 83 |5.24 Y Y

This procedure was followed at several nozzle positions for each area ratio. Total pres-

sure surveys were also conducted at selected nozzle positions for each area ratio.

Cavitation performance was obtained at constant values of flow ratio. With flow
ratio held constant as secondary-inlet pressure is reduced, head ratio remains constant
at the noncavitating value until severe cavitation causes it to deteriorate.

Several values of flow ratio which spanned the best-efficiency point were selected.
At each flow ratio, secondary-inlet pressure P2 was reduced in discrete steps from a
value corresponding to noncavitating operation until cavitation caused a sharp drop in
total headrise.

Cavitation criteria. - In evaluating the cavitation performance of the jet pumps in-
vestigated, the following procedures were observed.

10



Air content: Space electric power systems will use liquid metals which have a low
gas content. In order to simulate these conditions, the water in the jet pump test facility
was deaerated to air contents of 3 parts per million or less.

Incipience: The flow conditions at total-headrise breakdown are of major interest
for cavitating operation. Therefore, determination of incipient cavitating conditions was
not emphasized. The secondary-inlet pressure was reduced slowly, and system varia-
bles were given time (approx. 1/2 to 1 min) to stabilize before data points were recorded.
No attempt was made to increase the secondary-inlet pressure in order to define condi-
tions at which cavitation disappeared (cavitation desinence).

RESULTS AND DISCUSSION
Noncavitation Performance

Overall performance. - Overall jet pump noncavitation performance is presented in
figures 6 to 8 and is discussed in the following paragraphs.
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Figure 6. - Noncavitating performance of jet pumps.
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Efficiency and headrise: Jet pump overall noncavitation performance curves for
area ratios of 0.066 and 0. 197 are plotted as functions of flow ratio in figure 6. For the
0.066-area-ratio pump a peak measured efficiency of 31.3 percent was achieved at a
nozzle spacing from throat entrance of 0.77 throat diameters, a head ratio of 0.079, and
a flow ratio of 4.0. The 0.197-area-ratio pump achieved a maximum measured efficiency
of 37.6 percent at a nozzle spacing s/d,t of 1.36, a head ratio of 0.233, and a flow ratio
of 1.6. A reduction of throat length from 7.25 diameters (refs. 3 and 4) to 5. 66 diame-
ters resulted in an improvement in maximum efficiency from 29. 6 to 31.3 percent for an
area ratio of 0.066 and from 35.7 to 37.6 percent for an area ratio of 0.197. For both
area ratios the best-efficiency condition occurred at larger nozzle spacings and larger
flow ratios for the test pump with the shorter throat.

Values of headrise in feet (m) of water at selected flow conditions for s/dt =0 are

presented in table II for both area ratios.
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TABLE II. - JET PUMP HEADRISE FOR FULLY INSERTED
NOZZLE POSITION (S/dt = 0)

[Secondary fluid inlet pressure, 15 psia (1. 03x10° N/m2 abs).]

Area |Primary flow rate, Q1 Secondary flow rate, Q2 Jet pump headrise,| Flow
ra;m, gal/min m3/ sec gal/min_‘ m3 /sec o H5 Ho - ra;;o,
0. 066 28 | 1.77x1073 33 | 2.08x1073 16.1 4.90 |1.18
28 | 1.77 99 | 6.25 10.4 3.17 | 3.53
28 | 1.77 144 | 9.10 5.3 1.62 | 5.14
35 | 2.21 33 | 2.08 24.8 7.56 .94
35 | 2.21 89 | 5.62 19.2 5.85 | 2.54
35 | 2.21 140 | 8.84 13.1 3.91 | 4.00
0.197 63 | 3.98x1073 31 1.96x1073 24.0 7.31 | 0.49
63 | 3.98 88 | 5.55 14.2 4.32 | 1.40
63 | 3.98 135 | 8.52 4.8 1.46 | 2.14
83 |5.24 42 | 2.65 a1.7 | 12.7 .51
83 | 5.24 91 5.175 30.6 9.32 | 1.10
83 | 5.24 133 | 8.40 19.3 5.89 | 1.60

Best-efficiency nozzle position: Maximum pump efficiency as a function of nozzle
spacing for the present test pumps and those of reference 3 are summarized in figure 7,
in which three important effects are illustrated. First, the reduction of throat length
from 7.25 to 5.66 diameters produced an improvement in maximum efficiency at prac-
tically every nozzle position. Second, the reduction in throat length resulted in an in-
crease in the most efficient nozzle spacing. For a throat length of 7.25 diameters
(ref. 3) the best-efficiency nozzle position was s/dt = 0 at both area ratios. For a
throat length of 5. 66 diameters the best-efficiency nozzle positions (from fig. 7) were
s/dt = 0.77 and 1. 36 for an area ratio of 0.066 and 0. 197, respectively. This change in
spacing is attributed to the fact that for the pump with the shorter throat the nozzle must
be retracted a greater amount in order to provide the same degree of mixing. Third,
the results for a throat length Z/dt of 5. 66 also show an effect of area ratio on the most
efficient nozzle position. The larger nozzle spacing required by the 0. 197-area-ratio
pump (s/dt = 1. 36) indicates that more mixing length was required by the larger-area-
ratio pump. The same conclusion was reached in reference 3 from an analysis of the
static and total pressure distributions.

One further remark should be made regarding figure 7. As was noted in references
9 to 11, the best-efficiency nozzle position is not sharply defined. Although a maximum
efficiency may be identified, there is a certain degree of flexibility in selection of an
operating nozzle position (fig. 7). This flexibility is particularly desirable because the

13
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Figure 7. - Noncavitating jet pump performance. Effect of nozzle spacing on maximum efficiency.

best-efficiency nozzle position may not necessarily correspond to the best nozzle position
from the standpoint of cavitation suppression (e.g., ref. 4).

Comparison of theory to experiment: In reference 3 the one-dimensional analysis
(eq. (1)) was found to correlate head ratio and efficiency within 3 percent at the best-
efficiency flow condition for both area ratios (0.066 and 0.197). Although based on an
assumption of zero nozzle spacing, the theory predicted experimental performance be-
tween nozzle spacings of 0 and 1 throat diameter.

A similar comparison of theory to experimental results was made in the present in-
vestigation. In figure 8(a), the comparison is made at the fully inserted nozzle position
(s/ dt = 0) for both area ratios. The agreement is considerably better at the best-
efficiency nozzle position (fig. 8(b)) for both area ratios (within 2 percent at the point of
maximum efficiency) than for the fully inserted nozzle position. At the latter condition,
agreement is within 5 percent for R = 0.066 and within 10 percent for R = 0.197 at the
maximum efficiency point. In general, agreement between theory and experiment was
better than these values at flow ratios less than the best-efficiency flow conditions and
worse at flow ratios greater than the best-efficiency flow conditions. The fully inserted
nozzle position, coupled with a shorter throat length, apparently resulted in higher losses
due to the continuation of some mixing intothe inlet of the diffuser. Although based on an
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Figure 8 - Comparison of theory with experiment.

assumption of s/dt = 0, the analysis did predict performance reasonably well between the
zero spacing and best-efficiency nozzle spacing for both area-ratio pumps with throat
lengths of l/dt = 5.66.

Mixing characteristics. - The jet pump static and total pressure distributions are
presented in figures 9 to 13 and are discussed in the following paragraphs.

Effect of flow ratio: The dimensionless static pressure distributions C_ are plotted
in figure 9 as a function of axial location. The effect of flow ratio is shown for an area
ratio of 0.066 at the best-efficiency nozzle position. Two effects are evident. As flow
ratio is increased, overall pressure level decreases, and the rate of pressure increase

in the throat decreases. These effects are independent of area ratio and were discussed
previously in references 3 and 4.
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Effect of nozzle spacing: The wall static pressure distributions obtained for various
values of flow ratio and area ratio at three nozzle positions are presented in figure 10.
The three nozzle positions selected were the fully inserted nozzle position, the best-
efficiency position, and a large nozzle spacing well into the low-efficiency range.

Two effects of nozzle spacing are evident at either area ratio: (1) as the nozzle is
retracted, the static pressure level in the secondary-inlet and throat-inlet regions in-
creases; and (2) at large nozzle spacings, static pressure decreased near the throat exit
as a result of increasing frictional losses.

In figure 10, at the best-efficiency nozzle position for both area ratios (s/dt =0.77
for R = 0.066, and s/dt =1.36 for R =0.197), the slope of the pressure increase in
the throat began to show indications of leveling off near the throat exit. At the large noz-
zle spacings, static pressure decreased near the throat exit indicating that energy lost to
friction was greater than the energy gained through mixing. Moreover, it appeared that
more axial length was required by the 0.197-area-ratio pump to achieve a comparable
amount of mixing than for the 0.066-area-ratio pump. At a nozzle spacing, s/dt, of ap-
proximately 2.6, the static pressure increased rapidly in the 0.066-area-ratio pump, up
to about two throat diameters from throat entrance. However, about four diameters
were required for a comparable rise in the 0.197-area-ratio pump.

Total pressure surveys conducted at the three nozzle positions previously considered
(fig. 10) for both area ratios are presented in figures 11 and 12. Axial static pressure
distributions are also included in the figures. The surveys were conducted in the radial
direction at three axial locations, denoted by the letters A, B, and C on the figures. The
normalized total pressure & was obtained by dividing each local radial value of total
pressure by the maximum value of total pressure (usually the midstream value). The
normalized total pressure profile serves as a qualitative measure of the presence or ab-
sence of energy addition at a specific axial location.

No notable effect of flow ratio on the total pressure profiles was observed. Surveys
for both area-ratio pumps show that, at all nozzle spacings, no mixing profile existed at
the diffuser station (x/dt = 10.4). Conversely, a mixing profile always existed at the
first throat station (x/dt = 2.6).

The mixing profiles which existed near the throat exit provide some insight into mix-
ing length requirements. A distinct mixing profile existed near the throat exit for the
fully inserted nozzle position. But it apparently did not strongly affect diffuser perfor-
mance because the surveys at x/dt = 10. 4 were quite uniform. At the best-efficiency
nozzle positions, less prominent mixing profiles existed near the throat exit. Static
pressure had ceased to increase, indicating that, although some energy was being added
through mixing action, about an equal amount was being lost due to wall friction. The
result, therefore, was no net increase in static pressure. At the large nozzle spacings,
some slight mixing action was apparent, but no distinct mixing profile existed at the
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throat exit. The static pressure distributions for both area ratios indicated a loss in
static pressure near the throat exit, denoting a predominance of friction losses over en-
ergy addition.

Effect of area ratio: In addition to an effect of nozzle spacing, figures 11 and 12 il-
lustrate an effect of area ratio. A comparison of the total pressure profiles at the throat
exit for similar nozzle positions reveals a more accentuated profile in the 0. 197-area-
ratio pump. That is, the larger-area-ratio pump required a greater axial distance to
complete a comparable amount of mixing. This conclusion was reached earlier in the
discussion of the axial distributions of static pressure and of the nozzle spacing required
to produce maximum efficiency (fig. 7). A similar condition was observed in reference 3
for pumps with throat lengths of 7. 25 diameters.

Because only two area ratios and one inlet configuration were evaluated, no general
rule relating area ratio to required mixing length can be formulated. The effect is of a
secondary nature, but nevertheless did produce different nozzle spacing requirements,
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Figure 13, - Comparison of axial static pressure distributions for two jet pumps with different throat lengths, Area ratio,
0.066; flow ratio, 4.0.
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and is important to the designer for that reason.

Effect of throat length: Static pressure distributions for jet pumps with throat
lengths of 7.25 (ref. 3) and 5. 66 diameters are compared in figure 13 for an area ratio
of 0.066. Similar results were obtained at other flow conditions and for an area ratio of
0.197. The static pressure distributions for the two pumps compared quite closely in
the secondary-inlet and throat regions, indicating that different downstream conditions
of pressure and velocity did not affect the mixing characteristics in the constant-diameter
section.

A reduction in throat length resulted, in most cases, in an improvement in overall
pump static pressure rise as well as in efficiency. This is significant because efficiency
is based on values of total pressure, and it is therefore not sine qua non that improve-
ments in efficiency correspond in every instance to improvements in static pressure rise,
or vice versa. Generalizations of this type should be avoided because the combination of
overall static pressure rise and efficiency depends on specific diffuser geometry (in-
cluded angle and area ratio) and throat length (inlet velocity profile to diffuser).

Due to the shorter throat length of the pump discussed in this report, a generally
nonuniform velocity profile was provided to the diffuser. However, the diffuser had a
smaller included angle (6° against 8°6') and a smaller outlet- to inlet-area ratio (6.25
against 7.73) than the pump discussed in references 3 and 4. This produced a more
gradual diffusion of kinetic energy and, apparently, as a direct consequence resulted in
a higher static pressure rise. The mixing that occurred in the inlet to the diffuser was
completed quickly and efficiently, judging from the static pressure distribution (figs. 11
and 12).

Cavitation Performance

Overall performance. - Cavitation performance is presented in figures 14 and 15
for both area ratios. Head ratio is plotted against net positive suction head H sv of the
secondary fluid. For each area ratio, the results are presented for one primary flow
rate. The values of Hsv for which performance deteriorates are therefore applicable
only for the stated conditions.

No performance dropoff is indicated for some of the low-flow-ratio conditions be-
cause the test-facility lower limit of secondary-inlet pressure, 9 feet (2.74 m) of water,

was reached before cavitation dropoff occurred. (Arrows mark the approximate level at
which visual incipiency was recorded.)

Effect of flow ratio: Figures 14 and 15 illustrate a distinct effect. of flow ratio on net
positive suction head required at headrise breakdown. These results are summarized in
figure 16.
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At a fixed nozzle position, higher secondary-fluid-inlet pressure was required as
flow ratio was increased. As flow ratio is increased, cavitation becomes a greater
problem because a higher flow ratio produces lower levels of static pressure in the inlet
region of the pump (due to higher velocities) and a lower axial pressure gradient in the
throat (fig. 9). Both effects act to sustain cavitation.

The best-efficiency flow conditions occurred near a point midway in the flow range
of each pump (figs. 6(a) and (b)). The net positive suction head required at headrise
breakdown for these conditions was only 12 to 15 feet (3.7 to 4.6 m) of water (fig. 16).

Effect of nozzle spacing: Figures 14 and 15 also show that required HSV decreased
as the nozzle spacing was increased at constant flow ratio. The effect is summarized in
figure 17.

Except for a portion of one curve (M = 3. 8) and perhaps only one point on the curve,
the trends indicated by figure 17 suggest that to improve cavitation performance the noz-
zle spacings should be greater than 1 to 1% throat diameters. The same trend was ob-
served in reference 4. Determination of an optimum operating nozzle position must take
into account both cavitating and noncavitating operation (fig. 7). Comparison of cavita-
tion and noncavitation data leads to the conclusion that if high efficiency and good cavita-
tion performance were both design objectives, they could be achieved by operating the
nozzle at a spacing of about 1 throat diameter for an area ratio of 0. 066, and at about
13 throat diameters for an area ratio of 0. 197.
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Cavitation performance changes with nozzle spacing because retraction of the nozzle
affects the static pressure distribution in the pump (fig. 10). For a constant flow ratio,
as the nozzle was retracted the static pressure level in the throat increased. The re-
traction of the nozzle corresponds to an increase in the secondary annular area. For a
fixed flow rate, an increase in area results in a decrease in velocity and an increase in
static pressure.

A secondary factor which contributes to an increased susceptibility to cavitation at
small nozzle spacings is the wake produced by the nozzle wall. This wake increases
the turbulence in the mixing layer where cavitation occurs and has a greater influence at
small nozzle spacings because the static pressure in the throat is low.

Prediction parameters. - Two related cavitation prediction parameters may be used
to predict conditions at the jet pump headrise dropoff point.

Cavitation prediction parameter, w: The parameter presented earlier (eq. (2)) was
used to correlate the points of cavitation-induced total headrise dropoff for performance
runs conducted at three primary flow rates at each area ratio. No effect of primary
flow rate was observed. Typical results are presented in figure 18 for several nozzle
positions at each area ratio. The parameter w is plotted as a function of the ratio of
secondary to primary fluid velocity at throat entrance V3 / Vn for various values of
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Figure 18. - Comparison of experimental jet pump cavitation resuits with pre-
diction parameter, w (eq. (2)),

secondary friction loss coefficient K, (eq. (B2)). The values of K, of 0.09 and 0. 14
were measured in calibration tests for the area ratios of 0.066 and 0. 197, respectively.
The values of KS = 0 and 0. 30 were arbitrarily selected.

Comparison of experimental points to the theoretical curves reveals the same gener-
ally good correlation that was noted in reference 4. At the fully inserted nozzle positions,
the values of w at total headrise dropoff were slightly higher than theoretically predicted
values for R = 0.066. The same trend was noted in reference 4. The differences were
attributed to the effect of the wake produced by the nozzle wall in causing a greater sus-
ceptibility to cavitation and, hence, an earlier total-headrise dropoff. The higher values
of w for the 0.066-area-ratio pump as compared with the 0. 197-area-ratio pump were
attributed to its relatively thicker nozzle wake (8 percent of dn compared with 4% per-
cent of d , seefig. 4 (p. 8)). Asboth nozzles were retracted, the values of w at
total-headrise dropoff decreased because of the previously noted effects of nozzle spacing
on the secondary-inlet static pressure field. For purposes of prediction, an empirical
value of Ks = 0 may be used in equation (2) for nozzle spacings greater than or equal to
1 throat diameter. At smaller spacings, as suggested in reference 4, a value of KS ap-
propriate to the specific inlet configuration should be used.

Cavitation prediction parameter, o: An alternate parameter « which is related to
the parameter « was introduced in equation (3). Use of the parameter a eliminates
the need to express jet pump cavitation performance in terms of the secondary- to
primary-velocity ratio at throat entrance VI3 /V n The cavitation performance data are
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presented in figure 19 for an area ratio of 0.197. The ordinate is a normalized head
ratio, a ratio of operating head ratio N to the noncavitating value of head ratio Nn c at
the specified flow conditions. Decreasing values of o indicate decreasing values of net
positive suction head of the secondary fluid.

For a fixed nozzle position, the parameter « correlated the performance dropoff
conditions with relatively good accuracy. Head ratio deterioration occurred at higher
values of o (approx. 1.15 to 1.20) for the fully inserted nozzle position than for re-
tracted nozzle positions (¢, approx. 0.9 to 1.0). For purposes of prediction, the same
values of Ks that were inferred from figure 18 for use with the formula for w can be
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inferred from figure 19 for use with the formula for «. This is not unexpected because
of the relation, @ = a(V,y/V,)>2.

SUMMARY OF RESULTS

The performance of two jet pumps with nozzle- to throat-area ratios of 0. 066 and
0. 197 and throat lengths of 5. 66 diameters was evaluated in a closed-loop facility using
room-temperature, deaerated water. Each nozzle was operated at nozzle spacings (dis-
tance nozzle exit is upstream from the throat entrance) of 0 to 2. 9 throat diameters. Ex-
perimental results were compared with results from a previous investigation of two simi-
lar pumps with throat lengths of 7.25 diameters (refs. 3 and 4). Noncavitating perfor-
mance was compared with performance curves predicted by a one-dimensional analysis;
cavitating performance was compared with two related parameters also derived from a
one-dimensional analysis.

The investigation yielded the following principal results:

1. For an area ratio of 0.066, a maximum measured efficiency of 31. 3 percent was
achieved at a flow ratio of 4.0 and a head ratio of 0.079. The maximum efficiency con-
dition was attained at a nozzle spacing of 0. 77 throat diameters. For an area ratio of
0.197, a maximum efficiency of 37. 6 percent was achieved at a flow ratio of 1.6 and a
head ratio of 0.233. The maximum efficiency was attained at a nozzle spacing of 1. 36
throat diameters.

2. Compared with the jet pumps with throat lengths of 7.25 diameters, the 5. 66-
diameter-throat-length pumps produced higher efficiencies and outlet static pressures
at practically every nozzle position. The reduction in throat length from 7.25 to 5. 66
diameters also resulted in an increase in maximum-efficiency nozzle spacing.

3. The jet-pump configuration evaluated in this investigation represents a good
compromise between noncavitation and cavitation operation. Both high efficiency and
good cavitation resistance were achieved at a nozzle spacing of 1 throat diameter from
throat entrance for an area ratio of 0. 066, and at 1% throat diameters for an area ratio
of 0.197.

4. At the fully inserted nozzle position, a one-dimensional analysis predicted non-
cavitation performance within 5 percent for the 0.066-area-ratio pump and within 10 per-
cent for the 0. 197-area-ratio pump, both at the best-efficiency flow conditions. For the
best-efficiency nozzle settings, the same analysis predicted performance to within
2 percent for both area-ratio pumps at the best-efficiency flow conditions.

5. For a fixed nozzle position, higher secondary-inlet pressure was required to
prevent cavitation as flow ratio was increased. For a fixed flow ratio, less secondary-
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inlet pressure was required to prevent cavitation as nozzle spacing from the throat en-
trance was increased.

6. The point of performance deterioration due to cavitation was predicted with rea-
sonable accuracy by each of two related parameters. To utilize these parameters it
was necessary to consider an empirical loss coefficient for nozzle spacings between 0
and 1 throat diameter. It was possible to neglect this coefficient at larger nozzle spac-
ings.

CONCLUDING REMARKS

In a previous investigation of jet pumps with throat lengths of 7.25 throat diameters,
the matching of various geometrical components for optimum performance was discussed
(ref. 3). Since there are many geometrical variables, several of which are interrelated,
it is difficult to specify an ''optimum'' configuration.

However, the configuration evaluated in this investigation produced overall experi-
mental results which indicated a good matching of components. The peak efficiency and
head ratio compared well with the highest values reported in the literature. An interpre-
tation of static and total pressure distributions indicated that the throat length is close to
an optimum length and is matched well with the diffuser. A range of nozzle spacings was
determined (around s/ dt = 1. 0) at which both efficiency was maximized and net positive
suction head requirements were reduced. Thus, for the designer seeking a jet pump con-
figuration which produces high efficiency and satisfactory cavitation resistance, the con-
figuration evaluated in this investigation might well be acceptable.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 10, 1968,
128-31-06-28-22.
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APPENDIX A

SYMBOLS
area, £t2 (mz) p
pressure coefficient,
(px - pz)/)/(VIZI/ 2g> Py
diameter, in. (cm)
Q

Darcy friction factor

local acceleration due to grav-
ity, 32.163 ft/sec? (9. 803
m/sec”)

dimensional constant, 32.174
ft b mass/(secz)(lb force)
(1.0m kg/(secz)(N))

total head of fluid, P/y, ft (m)

net positive suction head of sec-
ondary fluid, (P2 - pv)/y,
ft (m)

static head of fluid, p/y, ft (m)
friction loss coefficient

length, in. (cm)

throat length, in. (cm)

flow ratio, Q2/Q1

head ratio, (Hg - Hy)/(H; - Hg)

normalized head ratio, ratio of
operating head ratio to non-
cavitating head ratio

total pressure, b force/ft2
(N/m?)
normalized total pressure,

P/P_ .«

static pgessure, Ib force/ft2
(N/m®)

vapor pressure, lb force/ft2
(N/m?)

volumetric flow rate, gal/min
(m3/sec)

R area ratio, An/At = An/AS

s axial spacing of primary nozzle
exit from throat entrance,
in. (cm)

v velocity, ft/sec (m/sec)

X axial distance measured from
throat entrance, in. (cm)

a cavitation prediction parameter,

2

Py - pv)/y <V3/2g>, evalu-
ated at total headrise dropoff
due to cavitation

B diffuser included angle, deg

Y specific weight, g/gc,
b force/ft3 (N/m3)

i efficiency, MN

p fluid density, 1b mass/ft3

3

(kg/m")

w cavitation prediction parameter,
P, -p )/ <V2 /Zg) evaluated

2 v/ Y\Vn '

at total-headrise dropoff due
to cavitation

Subscripts:

d diffuser



primary nozzle exit plane
primary nozzle
secondary fluid inlet
throat

test section

linear positions measured in axial
direction from throat entrance

G o W N =

primary fluid

secondary fluid

location at throat entrance
location at throat exit

location at jet pump discharge (dif-
fuser exit)
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APPENDIX B

DETERMINATION OF FRICTION LOSS COEFFICIENTS

With the exception of the friction loss coefficient in the throat Kt’ all friction loss
coefficients were determined by experimental calibration.

Primary nozzle friction loss coefficient, Kp:

Pi-p
K, = Z1 "n 5 n_1 (B1)
T
2g
A value of = 0.008 was determined for the nozzle corresponding to an area ratio

of 0.066; and a value of Kp = 0.036 for an area ratio of 0. 197.

Secondary friction loss coefficient, K s

S
v
'y—
2g

K 1 (B2)

For the fully inserted nozzle position, a value of KS = 0.09 was determined for an
area ratio of 0.066 and a value of KS = 0.14 for an area ratio of 0.197.

Throat friction loss coefficient, Kt:

(B3)

Reynolds numbers of the flow in the throat averaged 4. 4><105. For a smooth pipe,
this Reynolds number corresponds to a Darcy friction factor f of 0.0134. Therefore,
K = 0.076.
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Diffuser friction loss coefficient, Kd:

Py - Pg
Kd=______
2
v
_4
2g

(B4)

The diffuser friction loss coefficient is also related to the diffuser efficiency by the ex-
pression

A N2
Ky=(1-ny|1- <_4> (B5)
As

For fully retracted nozzle positions (s/dt = 2.17), there is generally a uniform inlet
velocity profile to the diffuser. The average diffuser efficiency determined for fully re-
tracted nozzle positions was 90. 6 percent. This efficiency corresponds to a value of
K, =0.079. The components may be calibrated through individual flow calibration tests,
as was done herein, or the friction loss coefficients may be estimated, based on values
in the literature (refs. 9, 10, and 12).
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